Optical techniques may potentially be used for noninvasive glucose sensing. We investigated the application of phase-sensitive optical low-coherence reflectometry ͑PS-OLCR͒ to the measurement of analyte concentrations. The dependence of the PS-OLCR signal on the concentration of various analytes, including aqueous solutions of glucose, calcium chloride, magnesium chloride, sodium chloride, potassium chloride, potassium bicarbonate, urea, bovine serum albumin, and bovine globulin, were determined in clear and turbid media. Obtained results demonstrated ͑1͒ a high degree of sensitivity and accuracy of the phase measurements of analyte concentrations with PS-OLCR; ͑2͒ a concentrationdependent change in the phase-shift for glucose that is significantly greater than that of other analytes sampled over the same physiological range; and ͑3͒ a high submillimolar sensitivity of PS-OLCR for the measurement of glucose concentration. Further exploration of the application of PS-OLCR to the noninvasive, sensitive, and specific monitoring of glucose concentration seems warranted.
Introduction
Noninvasive measurement and quantification of analytes are important for many biological, environmental, chemical, and clinical sciences. The refractive index is a fundamental optical property of a medium. The detection of small changes in the refractive index is often required for optical monitoring or diagnostics. Currently used refractometeric systems are limited to the study of clear or near-clear media and are unsuitable for noninvasive assessments of tissues. Therefore a great demand exists for the development of an accurate and noninvasive technique that is capable of detecting ultrasmall fluctuations of the refractive index in tissue.
Since the introduction of optical coherence tomography ͑OCT͒ in 1991, 1 significant progress has been achieved in the development and deployment of OCT for imaging and, more recently, optical monitoring. The OCT technique has several advantages over other optical methods, including high resolution ͑Յ10 m͒, layer-specific probing capabilities, high dynamic range ͑Ͼ100 dB͒, and noninvasive measurement capability. A review of recent significant achievements in the development of OCT and OCT-based systems and their biomedical and nonbiomedical applications can be found in Refs. 2 and 3. Differential phase-contrast optical coherence tomography ͑DP-OCT͒ was recently introduced in a bulk optics system by Hitzenberger and Fercher 4 and in a fiber interferometer by Davé and Milner. 5 Although conventional OCT is based on the detection and analysis of the intensity of backscattered optical radiation, DP-OCT utilizes the phase information obtained by probing a sample simultaneously with two common-path low-coherence beams. Variations in the sample refractive index are reflected in the phase difference, ⌬, between these two beams. The DP-OCT technique is capable of measuring angstromnanometer-scale path-length changes between the beams ͓associated with the phase difference as ⌬p ϭ ͑͞4͒ ⌬͔͒ in clear and scattering media. 6, 7 The highly sensitive and accurate noninvasive detection of analyte concentration in turbid media is particularly relevant to the development of a blood glucose biosensor. Recently we applied a conventional OCT technique to noninvasive monitoring of blood glucose concentration by probing the skin of animals and humans. 8, 9 In those studies we monitored changes in tissue scattering as a function of blood glucose concentration ͑variation of glucose concentration in the extracellular space produces changes in the refractive-index mismatch between the extracellular fluid and the scattering centers and, therefore, affects the tissue scattering properties͒. We also experimentally and theoretically studied several aspects of the specificity of the noninvasive monitoring of glucose concentration in tissues by using the OCT technique. 10 Despite these results, the concentration-dependent effect of glucose and other tissue analytes on the refractive index in the nearinfrared ͑NIR͒ spectral range at physiological concentrations requires additional study with a more sensitive method.
In this paper we present results of a pilot study on the application of novel polarization-maintaining ͑PM͒ fiber-based dual-channel phase-sensitive optical low-coherence reflectometer ͑PS-OLCR͒ for the highly sensitive detection of analyte concentration in clear and turbid tissue phantoms. We studied the concentration-dependent effect on the phase shift and refractive index of aqueous solutions of D-glucose ͑C 6 H 12 O 6 ͒, calcium chloride ͑CaCl 2 ͒, magnesium chloride ͑MgCl 2 ͒, sodium chloride ͑NaCl͒, potassium chloride ͑KCl͒, potassium bicarbonate ͑KHCO 3 ͒, urea, bovine serum albumin ͑BSA͒, and bovine ␥-globulin. Figure 1 shows a schematic of the PM fiber-based dual-channel PS-OLCR used in this study. A more detailed description of the system design and operation can be found in Ref. 11 . Briefly, light emitted from a broadband light source ͑optical semiconductor amplifier, AFC Technologies Incorporated; central wavelength 0 ϭ 1.31 m, bandwidth ⌬ Ϸ 60 nm͒ was combined with an aiming beam from a laser diode ͑ Ϸ 640 nm͒ and delivered to a 50 -50 beam splitter in two independent linearly polarized modes that propagated along the birefringent axes of the PM fiber. Light returned from the sample arm and light reflected from the reference arm formed an interferogram, which was delivered to the detection arm of the interferometer. The birefringent wedges ͑Karl Lambrecht Corporation, Chicago, Illinois͒ in the sample arm were used to introduce a path-length delay between the two linearly polarized modes. By adjusting the thickness of the prisms, simultaneous signals were obtained from the front and back surfaces of glass cells ͑Friedrich & Dimmock Incorporated, Millville, New Jersey͒ with an inner thickness of approximately 485 m. The rapid-scanning optical delay line ͑RSODL͒ 12 in the reference arm was configured to compensate for the material and waveguide dispersion introduced by the LiNbO 3 phase modulator. The phase modulator was driven with a ramp waveform with a voltage amplitude that gave a 2 phase modulation and produced a pure sinusoid. The polarization channels in the detection arms were separated by use of a 20-deg Wollaston prism ͑Karl Lambrecht Corporation, Chicago, Illinois͒ and were captured by photoreceivers ͑New Focus, Incorporated, San Jose, California͒. The signal from each photoreceiver was filtered, amplified, and delivered to a personal computer for further processing with an analog-to-digital converter.
Materials and Methods

A. Experimental Setup
Several experiments were performed with a whitelight refractometer ͑Bausch & Lomb, Rochester, New York͒. Absolute values of the refractive-index change were measured as a function of concentration for several analytes and were compared with reference data from the literature.
B. Signal Processing
Processing of PS-OLCR signals was completed by use of MATLAB 6.0 software. To extract the phase difference between the two channels, the interference fringe signals were denoised with a type-II Chebyshev bandpass filter, which is monotonic in the passband. Forward and reverse filtering provided zero-phase distortion. The Hilbert transform of the signal was calculated to obtain the phase. Phases were unwrapped to remove jumps, and subtraction of the two channels yielded the phase difference, ⌬.
C. Phantoms
Aqueous solutions of D-glucose, CaCl 2 , MgCl 2 , NaCl, KCl, KHCO 3 , urea, BSA, and bovine ␥-globulin were used in this study. All the chemicals were obtained from Sigma-Aldrich Chemical Corp ͑Bellefonte, Pennsylvania͒. Aqueous solutions of different concentrations were prepared by dilution of the stock chemicals with pure water.
Several experiments were performed with aqueous suspensions of polystyrene microspheres ͑Bangs Laboratories, Incorporated, Fishers, Indiana͒. The mi- Fig. 1 . Schematic of the PM fiber-based dual-channel PS-OLCR used in this study: BW, birefringent wedges; PD1 and PD2, photodetectors; WP, Wollaston prism; RSODL, rapid-scanning optical delay line; and ADC, analog-to-digital converter.
crospheres were chosen to simulate tissue scattering in phantom studies because of the stability of their optical properties and the simplicity of the theoretical calculations of the scattering coefficient ͑e.g., using the Mie theory of scattering͒. 13, 14 Polystyrene spheres ͑760-nm diameter͒ have strong scattering and negligible absorption in the NIR spectral range and are widely used to simulate tissue scattering. [15] [16] [17] Several phantoms with the same concentration of polystyrene microspheres and different concentrations of D-glucose were used in the experiments. The sphere concentrations were chosen to provide scattering coefficients s Х 50 and 100 cm Ϫ1 at ϭ 1.31 m ͑typical for tissues in the NIR spectral range͒.
Samples were placed in a glass cell, and the incident beam from the PS-OLCR system was directed perpendicular to the cell wall. Five independent measurements of ⌬ were performed for each analyte concentration and for pure water. The time interval between the measurements was 1-2 min. The phase shift corresponding to each analyte concentration was calculated as ⌬ ϭ ⌬ analyte Ϫ ⌬ water ͑in the case of experiments with polystyrene microspheres, the phase shift of each analyte concentration was calculated as ⌬ ϭ ⌬ psϩanalyte Ϫ ⌬ ps , where "ps" stands for the aqueous suspensions of polystyrene microspheres͒. The experiments were performed with two to five sets of the suspensions that were independently prepared. The standard deviation ͑SD͒ was calculated for each data point, based on five measurements of the same concentration. Figure 2 shows the refractive indices of aqueous solutions of glucose, NaCl, urea, and BSA as a function of the concentration obtained from the refractometer study. Six concentrations from 0 to 100 mM were measured and plotted as scatters, together with the SD for each data point. The data extrapolated from the literature for the sodium D line ͑ ϭ 589 nm͒ 18 are plotted as solid, dashed, and dotted lines for glucose, NaCl, and urea, respectively ͓Fig. 2͑a͔͒. The data extrapolated from the literature for ϭ 436 nm 19 are plotted as a solid line for BSA in Fig. 2͑b͒ . These data show generally good agreement between the refractive indices measured in the white-light refractometer study and those previously reported in the literature for wavelengths in the visible spectral range. Figure 3 shows the dependence of the phase shift on the concentration of glucose, CaCl 2 , MgCl 2 , NaCl, KCl, KHCO 3 , urea, BSA, and globulin obtained in the PS-OLCR study in the clear media ͑shown as squares with the SD bars͒. The refractive-index dependence on the analyte concentration for the visible spectral range reported in the literature 18, 19 was used to calculate the phase-shift dependencies on the concentrations ͑shown as the solid line͒. Linear fitting of experimental PS-OLCR data points ͑not shown͒ by use of a linear least-squares algorithm yielded a correlation coefficient better than 0.99 and a P value less than 0.01% for all analytes studied. From these results we note that ͑1͒ a good linear correlation exists between the increase of analyte concentration and the PS-OLCR phase shift and ͑2͒ the effect of the phase-shift increment with increasing analyte concentration is similar or slightly less in the NIR than in the visible spectral range.
Results
Several experiments were performed using turbid media with a scattering coefficient similar to that of human tissues in the NIR spectral range. Figure 4 presents a typical dependence of the phase shift on glucose concentration in an aqueous suspension of polystyrene microspheres of fixed concentrations. The scattering coefficients of the two phantoms were 50 and 100 cm Ϫ1 ͓Figs. 4͑a͒ and 4͑b͒, respectively͔. The concentrations of polystyrene microspheres were chosen according to the calculations performed on the basis of Mie scattering theory 13, 14 and were equal to 0.8% and 1.6% ͑w͞w͒ for s ϭ 50 cm Ϫ1 and s ϭ 100 cm Ϫ1 , respectively. Five glucose concentrations in the range 20 -100 mM with a 20-mM increment were measured in these experiments. The results obtained were similar to those found in clear-media studies ͑solid line͒, suggesting the applicability of this technique to the sensing and monitoring of turbid samples. 
Discussion
The results shown in Figs. 3 and 4 demonstrate the capability of the PS-OLCR technique to detect small changes in the refractive index with a high degree of sensitivity. For instance, the phase difference between two phase-modulated signals for glucose and KCl shifted approximately 601 and 291 deg, respectively, in the range from 0 to 100 mM in the 485-mthick cell. The small SD of the data points demonstrated in these studies ͑for example, glucose concentrations were measured with an average SD ϭ Ϯ0.7°and Ϯ11.7°in clear and turbid media, respectively͒ demonstrate the high accuracy of the measurements. The higher SD observed in the experiments with the turbid media compared with that of the clear-media experiments resulted most likely from the decrease of the signal-to-noise ratio of the phase-modulated signal obtained from the back surface of the cell.
A summary of the observed changes in the phase shift and the refractive index for the analytes shown in Fig. 3 is presented in Table 1 . Columns 2 and 3 show the concentration-dependent change in the phase shift found in the literature for ϭ 436 and 589 nm 18, 19 and that experimentally measured with PS-OLCR ͑ ϭ 1.31 m͒, respectively. Corresponding dependencies of the refractive index on analyte concentration obtained from the literature and from experimental measurements are listed in columns 4 and 5, respectively. Normal reference laboratory values of the physiological changes in concentrations of these substances 20 are shown in the column 6. The last column shows the maximum possible influence of these substances on the refractive index in the physiological range. One can see from this table that ͑1͒ although the phase-shift changes that are due to changes in the refractive index are observed in all the studied analytes, the effect of glucose is greater compared with that of the other analytes and ͑2͒ the d͞dC ͑and dn͞dC͒ measured with PS-OLCR is generally slightly less at ϭ 1.31 m than that previously reported in the literature for the visible spectral range obtained with different optical approaches. This discrepancy is most likely due to the wavelength dependence of the refractive index. Nevertheless, the results shown in Fig. 3 and Table 1 suggest the capability of PS-OLCR to provide reliable, sensitive, and accurate measurements of the refractive indices as a function of analyte concentration.
To validate the experimentally measured dependence of the refractive index on glucose concentration, we used a conventional OCT system to study the dependence of OCT signal slope as a function of glucose concentration in an aqueous suspension of polystyrene microspheres. The principle of operation and the algorithm of mathematical processing of signals that were obtained with this conventional OCT system ͑ ϭ 1.3 m͒ were reported previously. 8 -10 Figure 5 depicts the slope of the OCT signals obtained from an aqueous suspension of polystyrene microspheres versus the glucose concentration at 1.3 m.
Six glucose concentrations were measured in these experiments, ranging from 0 to 250 mM with a 50-mM increment. The SD is plotted as error bars. The calculated scattering coefficient is presented by the solid line. The calculation of the scattering coefficient was performed with Mie scattering theory, assuming dn͞dC ϭ 2.2 ϫ 10 Ϫ5 mM Ϫ1 ͑Table 1͒. One can see from this figure that the linear decrease of the OCT signal slope is in good agreement with the theoretically calculated decrease of the scattering coefficient with glucose concentration. Therefore the experimentally measured dependence of the refractive index on analyte concentration by use of PS-OLCR has been validated in this study.
We studied the capability of PS-OLCR to detect small changes in glucose concentration over the small range 0 -10 mM. The experiment was performed in an aqueous solution of glucose in a cell with a thickness of 480 m, which is equal to that used in the previous experiments. Five concentrations of glu- cose were measured, ranging from 2 to 10 mM ͑Fig. 6͒. The average SD obtained in this experiment was SD ϭ Ϯ0.76°, similar to that found for large glucose concentrations ͓Fig. 3͑a͔͒. Therefore the PS-OLCR technique is capable of measuring small glucoseinduced changes in the refractive index with submillimolar resolution. These results suggest that the PS-OLCR method applied to the detection of glucose concentration has the level of accuracy that is required for clinical studies ͑Ϯ1 mM͒.
Temperature control of the sample under study is important in PS-OLCR measurements. Figure 7 demonstrates the dependence of the refractive index of water on temperature over the range from 0 to 100°C. 18 Evidently, small fluctuations in the sample temperature ͑e.g., Ϯ1°C-2°C͒ can reduce the accuracy of phase-shift measurements obtained with PS-OLCR. In our experiments we monitored the sample temperature by inserting a thermocouple in the cell near the measurement site. We found that because the temperature was nearly constant during the differential-phase measurements, we could ignore it during d͞dC and dn͞dC calculations. Nevertheless, the temperature fluctuations in tissues should be monitored and accounted for during in vivo experiments, especially for long-term measurements.
Conclusion
We report the results of our theoretical and experimental pilot studies on the application of PS-OLCR to the noninvasive, sensitive, and accurate monitoring of analyte concentrations. The results obtained for aqueous solutions of glucose, CaCl 2 , MgCl 2 , NaCl, KCl, KHCO 3 , urea, BSA, and globulin in clear and turbid media demonstrate ͑1͒ a good agreement between the refractive indices measured with the white-light refractometer and the PS-OLCR technique and those previously reported in the literature for the visible spectral range; ͑2͒ the effect of glucose on dn͞dC is approximately 1-4 orders of magnitude greater than that of the other analytes at physiological concentrations; ͑3͒ a good agreement between the results obtained in translucent and scattering media, suggesting that PS-OLCR could be applied to in vivo measurements; and ͑4͒ a high ͑submillimolar͒ sensitivity of PS-OLCR for measurement of glucose concentrations.
We believe that PS-OLCR has the potential for use in the noninvasive, sensitive, and accurate monitoring of analyte concentrations both in clear and turbid media. Future studies will focus on in vivo tests of this technique in animals and humans. The influence of several potential obstacles on the sensitivity and specificity of the PS-OLCR method for in vivo monitoring of analyte concentrations in highly scattering tissues ͑e.g., birefringence of tissues, stability of specular reference points, and tissue temperature͒ will be addressed in future studies. 
